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Summary 
A core aspect of the human self is the attribution of personal relevance to everyday stimuli 
enabling us to experience our environment as meaningful [1]. However, abnormalities in the 
attribution of personal relevance to sensory experiences are also critical features of many 
psychiatric disorders [2, 3]. Despite their clinical relevance, the neurochemical and anatomical 
substrates enabling meaningful experiences are largely unknown. Therefore, we investigated 
the neuropharmacology of personal relevance processing in humans by combining functional 
magnetic resonance imaging (fMRI) and the administration of the mixed serotonin (5-HT) 
and dopamine receptor (R) agonist lysergic acid diethylamide (LSD), well known to alter the 
subjective meaning of percepts, with and without pretreatment with the 5-HT2AR antagonist 
ketanserin. General subjective LSD effects were fully blocked by ketanserin. In addition, 
ketanserin inhibited the LSD-induced attribution of personal relevance to previously 
meaningless stimuli and modulated the processing of meaningful stimuli in cortical midline 
structures. These findings point to the crucial role of the 5-HT2AR subtype and cortical midline 
regions in the generation and attribution of personal relevance. Our results thus increase our 
mechanistic understanding of personal relevance processing and reveal potential targets for 
the treatment of psychiatric illnesses characterized by alterations in personal relevance 
attribution.  
 
Keywords: serotonin 2A receptor, lysergic acid diethylamide, personal relevance, meaning, 
music 
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Results 
Subjective effects of LSD and role of 5HT2AR 
Participants underwent three treatment conditions: placebo+placebo (Pla) condition: placebo 
after pretreatment with placebo; 2) placebo + LSD (LSD) condition: LSD after pretreatment 
with placebo; or 3) ketanserin+LSD (Ket+LSD) condition: LSD after pretreatment with the 
5-HT2A and α-adreno antagonist ketanserin. A repeated-measures (treatment × scale) analyses 
of variance (ANOVA) was conducted for the retrospectively administered Altered States of 
Consciousness (5D-ASC) questionnaire [4], and revealed significant main effects for 
treatment. (F(1.00, 21.08) = 65.39, p < 0.001) and scale (11 5D-ASC scales) (F(4.99, 104.72) 
= 13.64, p < 0.001), and a significant interaction of treatment × scale (F(4.79, 100.57) = 12.24, 
p < 0.001). Bonferroni-corrected simple main effect analyses revealed greater scores on nine 
of the 11 5D-ASC scales in the LSD treatment condition than in the Pla and Ket+LSD 
treatment conditions (all p < 0.05). Scores on the spiritual experience and anxiety scales did 
not differ across conditions (all p > 0.30). Scores did not differ between the Pla and Ket+LSD 
treatment conditions for any 5D-ASC scale (all p > 0.90) (Figure 1).  
To investigate treatment effects on mood state, a repeated-measures (time × treatment × scale) 
ANOVA was conducted for the Positive and Negative Affect Schedule (PANAS) [5] and 
revealed a significant main effect for scale (F(1, 21) = 193.71, p < 0.001), indicating a higher 
score on the positive affect scale than on the negative affect scale, a significant main effect 
for treatment (F(1.52, 32.01) = 6.13, p < 0.01), and significant interactions for treatment × 
time (F(2, 42) = 19.01, p < 0.001), time × scale (F(1, 21) = 9.29, p < 0.01), and treatment × 
time × scale (F(2, 42) = 3.98, p < 0.05). Bonferroni-corrected simple main effect analyses 
revealed that scores on the positive and negative affect scales did not differ between treatments 
before drug administration (all p > 0.9). After drug administration, score on the positive affect 
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scale was significantly greater in the LSD treatment condition than in both the Pla and 
Ket+LSD treatment conditions (all p < 0.05), and score on the negative affect scale was greater 
in the LSD treatment condition than in the Pla treatment condition (p < 0.05). Scores did not 
differ between the Pla and Ket+LSD treatment conditions for either the positive or negative 
affect scale (all p > 0.9) (Fig. S1). 
In summary, LSD induced subjective effects as anticipated [6]. All of these LSD-induced 
effects were blocked by the 5-HT2AR antagonist ketanserin, pointing to the key role of the 5-
HT2AR in mediating the human experience of LSD-induced effects. 
Effects on LSD on the fabric of meaning 
A core aspect of the concept of the self is the attribution of personal relevance to everyday 
stimuli [1]. Personal relevance has been described as the appraisal of external and internal 
stimuli with regard to their meaning for the organism [7]. Abnormalities in the attribution of 
personal relevance to stimuli are not only characteristic features of psychotic disorders 
including schizophrenia, but are also critical aspects of addiction, phobia, and mood disorders 
[2, 3]. It has been hypothesized that these alterations in personal relevance attribution may be 
related to changes in self-related processing, and that this may represent a pathophysiological 
mechanism underlying the deficits in self-awareness in various psychiatric disorders [2, 8]. 
Music is a powerful stimulus to elicit self-related processing [9]. Therefore, we investigated 
the neuropharmacology of personal relevance processing by testing the influence of LSD with 
and without ketanserin pretreatment on the processing of music otherwise experienced as 
personally meaningful, neutral, and personally not meaningful music (i.e., without personal 
meaning or relevance). 
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Pre-Task Questionnaire (PTQ): Outcomes of questions 1-3 (subjective experience of musical 
excerpts) are presented in Table S1. The mean rating for general personal meaningfulness of 
music was 7.00 [SD: 1.11; range 1 (not at all) – 9 (very)].  
Ratings: A repeated-measures ANOVA (treatment × music condition) of meaningfulness 
ratings provided during the music paradigm revealed a significant main effect for treatment 
condition (F(2,42) = 12.35, p < 0.001) and music condition (F(2,42) = 179.39, p < 0.001). 
Bonferroni-corrected pairwise comparisons revealed that music was rated significantly more 
meaningful in the LSD treatment condition than in the Pla and Ket+LSD treatment conditions 
(all p < 0.005). Furthermore, as intended, meaningfulness ratings significantly differed across 
music conditions (all p < 0.001), with songs being rated highest in the meaningful condition 
and lowest in the meaningless condition. There was a significant treatment × music condition 
interaction (F(2.28,47.78)=5.26, p < 0.01). Simple main effects analysis revealed that 
meaningfulness ratings were increased in the meaningless and neutral music conditions in the 
LSD treatment condition compared to the Pla and Ket+LSD treatment conditions (all p < 0.05) 
(Figure 2).  
Functional magnetic resonance imaging (fMRI): For results in the Pla condition see Table S2 
and Figure S2. The interaction of treatment condition x music condition revealed significant 
clusters in the left supplemental motor area (SMA) (peak: x=-7, y=1, z=66, k=5362, T=6.74), 
superior temporal gyrus (peak: x=51, y=15, z=-3, k=215, T=4.43), right posterior lobe of the 
cerebellum (peak: x=-27, y=-62, z-25, k=334, T=5.02), left hippocampus (peak: x=-18, y=-
27, z=-12, k=102, T=4.07), inferior parietal lobule (peak: x=-53, y=-46, z=-35, k=460, 
T=4.31), and middle frontal gyrus (peak: x=49, y=-5, z=46, k=227, T=4.59). 
Comparison of the “meaningless > meaningful” contrast between LSD and Pla treatment 
conditions revealed significantly greater blood-oxygenation-level dependent BOLD signal in 
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the left SMA after LSD administration (Figure 3a and Table S2). Furthermore, comparison 
of the “meaningless > neutral” contrast revealed greater BOLD signal in the bilateral vlPFC 
and left dorsomedial prefrontal cortex (dmPFC) after LSD treatment (Figure 3b and Table 
S2). No significant clusters were found for the other contrasts for the comparison of LSD and 
Pla treatment conditions. A direct comparison between listening to meaningful music after 
placebo administration and listening to meaningless music after LSD administration using a 
flexible factorial design did not result in any significant differences between these conditions.  
Comparison of the “meaningless > meaningful” contrast between LSD and Ket+LSD 
treatment conditions revealed significantly greater BOLD signal in the left dorsal anterior 
cingulate cortex (dACC) after LSD administration that was not preceded by ketanserin 
(Figure 4a and Table S2). Furthermore, comparison of the “meaningless > neutral” contrast 
revealed significantly greater BOLD signal in the left dACC, left middle frontal gyrus, and 
left superior frontal gyrus after LSD administration that was not preceded by ketanserin 
(Figure 4b and Table S2). No significant clusters were found for the other contrasts. 
Comparison of the “meaningful > meaningless” contrast between Pla and Ket+LSD treatment 
conditions revealed significantly greater BOLD signal in the right PCC after Ket+LSD 
administration (Figure S3 and Table S2). No significant clusters were found for the other 
contrasts. 
Parametric modulation was calculated to investigate the neural correlates of meaning 
processing by taking into consideration the meaningfulness ratings participants provided for 
each song trial. For results see Figure S4 and Table S3.  
In summary, listening to meaningless music (vs. neutral and personally meaningful music) in 
the LSD condition was associated with greater BOLD signal in lateral frontal brain areas and 
cortical midline structures including the SMA, dorsal anterior cingulate cortex and the dmPFC 
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compared to Pla and Ket+LSD treatment conditions. However, the BOLD signal in the 
posterior cingulate cortex was greater when listening to personally meaningful compared to 
personally meaningless music in the Ket+LSD treatment condition than in the Pla condition.  
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Discussion 
The present study combined pharmacological manipulation with behavioral and neuroimaging 
methods to investigate the role of the 5-HT2AR system in the generation and modulation of 
LSD’s overall subjective psychedelic effects, and particularly altered personal relevance 
attribution, and the involved brain structures. LSD has high affinity and agonist activity at 5-
HT2A/C, 5-HT1A/B, 5-HT6, and 5-HT7, and dopamine D2, D1 Rs [10-13]. However, no previous 
study had investigated the specific receptor contributions to the effects of LSD in humans. 
Our results show that subjective LSD-induced effects were fully blocked by a 5-HT2AR 
antagonist. This is in line with animal studies that have highlighted the importance of the 5-
HT2 R system in the mechanism of action of LSD by showing that 5-HT2 R antagonists 
blocked LSD-induced abnormal behavior in rodent models of psychiatric disorders [14, 15]. 
Furthermore, ketanserin also reduced psychedelic effects of the structurally related 5-
HT2A/1AR agonists psilocybin and ayahuasca [16, 17]. The present results demonstrate for the 
first time that in particular 5-HT2AR activation is the key mechanism of action in mediating 
the unique human experience of psychedelic effects induced by the prototypical hallucinogen 
LSD. 
The current result that all subjective effects of LSD on the 5D-ASC and PANAS 
questionnaires were blocked by ketanserin is somewhat surprising considering the high 
affinity of LSD to dopamine D2/D1 Rs [11, 18] and the apparent dopaminergic component of 
LSD-induced behavioral effects in a delayed temporal phase in rats [19]. Furthermore, the 5-
HT1AR has also been implicated in LSD-induced effects in animals and is supposed to excerpt 
opposite effects on 5-HT2AR mediated behavior [20-25]. In humans, 5-HT1A agonists such as 
buspirone reduced psilocybin-induced visual disturbances without affecting its effect on 
emotion [26], while 5-HT1A antagonists increased the psychedelic effects of DMT [27]. While 
the current results indicate that the overall psychedelic effects of LSD including its effects on 
9 
 
mood are primarily mediated via 5-HT2AR stimulation in humans, further studies blocking the 
D2/D1 Rs and 5-HT1A Rs are necessary to clarify the specific role of these Rs in LSD-induced 
effects.  
These results on subjective LSD-induced effects are consistent with behavioral ratings 
obtained in the music paradigm in the present study. Firstly, the rating of meaningfulness 
provided during the music paradigm significantly differed for the personally meaningful, 
neutral, and personally meaningless music excerpts with meaningful songs scoring highest 
and meaningless songs scoring lowest. This indicates that the selection and matching of music 
resulted in the intended experience of meaningfulness. Secondly, LSD significantly increased 
meaningfulness ratings for the previously meaningless and neutral music excerpts, an effect 
that was normalized by pretreatment with ketanserin. These results are in line with previous 
studies reporting an enhanced emotional response to music after LSD treatment [28, 29]. 
Importantly, the current results indicate that stimulation of the 5-HT2AR alters the attribution 
of meaning to stimuli, and in particular leads to a higher attribution of meaning to otherwise 
meaningless cues. Therefore, the 5-HT2AR may also be involved in dysfunctional personal 
relevance attribution observed in psychiatric disorders such as schizophrenia and addiction [2, 
3, 30, 31]. Overattribution of personal relevance and potential consequences thereof should 
also be taken into account when LSD is considered to be used therapeutically. 
In agreement with the behavioral ratings and with previous studies [9, 32], listening to 
personally meaningful music in the Pla treatment condition was associated with greater BOLD 
signal in the SMA, putamen, middle occipital gyrus, vlPFC, and cerebellum than listening to 
neutral and personally meaningless music. Furthermore, comparing the neutral and 
meaningless music conditions revealed significant clusters of activity in the dmPFC, 
dorsolateral prefrontal cortex, insula, precentral gyrus, superior and middle temporal gyrus, 
and angular gyrus. Activity in these brain areas has been associated with listening to 
10 
 
autobiographically salient and chill-inducing music [9, 32], the ascription of subjective value 
[33], the appraisal of external stimuli [34], and the processing of self-relevant stimuli [35]. 
Furthermore, these regions highly overlap with brain regions identified by a parametric 
modulation of their response taking into consideration the extent to which participants rated 
the music excerpts as meaningful. This indicates that predefined music categories and the 
according brain response reflect the attribution of personal meaning to music excerpts.  
Importantly, when listening to meaningless music LSD significantly increased activation of 
the SMA compared to meaningful music and of the vlPFC and dmPFC compared to neutral 
music. Cortical midline regions including the SMA and the dmPFC as well as the lateral PFC 
are involved in self-referential cognition and self-relevant processing [35, 36]. Applying a 
meta-analytic approach, it has been suggested that the cortical midline regions are 
characterized by supramodal processing of self-related stimuli crucial for the transformation 
of simple sensory processing to more complex self-referential processing [36]. Furthermore, 
the authors of this meta-analysis linked the cortical midline structures to the concepts of 
“core”, “mental”, and “minimal” self, and linked the lateral PFC to higher order self-
referential processing including autobiographical, emotional, and spatial aspects of the self 
[36]. The vlPFC has been associated with aberrant self-reflectiveness in schizophrenia patients 
[37]. The current results showed increased activity in these cortical midline regions and the 
vlPFC in response to "meaningless" stimuli in the LSD treatment condition, and are in 
accordance with the behavioral ratings suggesting that LSD increases the attribution of 
meaning to previously not meaningful stimuli. Furthermore, the results provide evidence that 
this alteration in relevance attribution is related to increased activity of brain areas that are 
typically involved in self-referential processing and are of clinical importance in psychiatric 
disorders characterized by altered self-processing [2, 8].  
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Analogous to the behavioral rating data, ketanserin blocked the LSD-induced increase in 
activation of self-related brain regions in response to previously non-meaningful stimuli. 
Firstly, there were no significant differences between Ket+LSD and Pla treatment conditions 
when comparing meaningless music excerpts to neutral or meaningful music excerpts. 
Secondly, activation of cortical midline and frontal structures for meaningless stimuli was 
greater in the LSD treatment condition than in the Ket+LSD treatment condition; namely in 
the dACC for the “meaningless > meaningful” contrast and the dACC, middle frontal gyrus, 
and superior frontal gyrus for the “meaningless > neutral contrast”. Importantly, these regions 
also have a high 5-HT2AR density [38]. Furthermore, there were no significant differences in 
BOLD signal between drug treatment conditions when taking into account the meaningfulness 
rating provided by the participants after each trial, indicating that brain activity reflected 
differences in meaning processing as behaviorally reported by the participants. In sum, these 
results corroborate our conclusion that stimulation of the 5-HT2AR is key in the attribution of 
self-relevance and meaning to external stimuli.  
The increase in BOLD signal in the PCC for the “meaningful > meaningless” contrast was 
greater in the Ket+LSD treatment condition than in the Pla treatment condition. The PCC has 
been associated with autobiographical memory retrieval [39] and experiential self-reflection 
[40]. Therefore, these results indicate increased processing of, and probably attribution of self-
relevance to, external meaningful stimuli after Ket+LSD administration. Given that LSD has 
high affinity and agonistic activity at both 5-HT2A and D2 Rs [10, 11] and that the 5-HT2AR 
system was blocked by ketanserin in the Ket+LSD treatment condition, it is conceivable that 
the modulation of the processing of meaningful stimuli is attributable to dopaminergic R 
stimulation. This interpretation is in line with previous studies reporting a relation between 
PCC volume and dopamine levels in healthy humans [41], as well as studies linking 
dopaminergic dysfunction, e.g. increased firing of dopaminergic neurons, to altered salience 
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attribution in patients with schizophrenia [30, 42]. This increased attribution of meaning to 
self-relevant stimuli was not reflected in the meaningfulness ratings, which were not 
significantly different between Ket+LSD and Pla treatment conditions. However, 
meaningfulness ratings were close to the upper end of the scale in the Pla treatment condition 
(mean: 3.33; scale maximum: 4); therefore, a ceiling effect might have masked differences 
between conditions. This result has to be interpreted with the limitation in mind that the 
attribution to dopaminergic effects remains speculative, and other receptors stimulated by 
LSD could be involved. Furthermore, due to the design of the study the effects of LSD and 
ketanserin could not be investigated independently. A full factorial design is desirable in 
future studies. Moreover, further studies should be conducted to determine the role of various 
factors potentially contributing to altered meaning processing such as preference, depth of 
processing, or level of association.  
In contrast to a previous study administering 200µg of LSD [6] we did not find significant 
increases of spiritual experiences in the LSD condition. We assessed spirituality with the 
spirituality scale of the Affective Neuroscience Personality Scales [43] at screening visit. This 
resulted in an average score of 14.09 (SD: 9.08) and is therefore lower than in previously 
published normative data assessing young adults [43]. Moreover, the rather clinical 
atmosphere in the MR environment may not have promoted spiritual experiences. Therefore, 
a combination of dose, personality, and setting variables may be responsible for this result.  
In summary, by combining pharmacological stimulation, blocking of specific receptors, and 
behavioral and neuroimaging techniques, the current results illuminate the neural and 
neurochemical foundations of the attribution of meaning to the environment in humans. The 
results show, for the first time, that subjective LSD effects can be fully blocked by a 5-HT2AR 
antagonist, highlighting the key role of the 5-HT2AR subtype of 5-HT Rs in the mediation of 
the psychedelic effects of LSD in humans. Furthermore, the results suggest that LSD increases 
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the attribution of personal relevance to previously non-meaningful stimuli and that this effect 
is attributable to 5-HT2AR stimulation and associated with activity in brain areas related to 
self-relevant processing. Additionally, treatment with Ket+LSD seems to modulate the 
processing of personally relevant stimuli, possibly due to LSD-induced dopamine R 
stimulation. The current results therefore emphasize the importance of the 5-HT2AR subtype 
in the generation of personal meaning and point to the involvement of the dopamine system 
in the further modulation of personal relevance. Abnormalities in the attribution of personal 
relevance to stimuli are clinically relevant features of various psychiatric disorders [2, 3, 31]. 
The current findings therefore increase our mechanistic understanding of the neurochemical 
underpinnings of personal meaning processing and attribution, and reveal prospective 
differential targets for the treatment of psychiatric illnesses characterized by alterations in 
personal relevance attribution.  
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Experimental Procedures  
Participants 
For details see Supplemental Experimental Procedures and Table S4.  
Study Design 
In a double-blind, randomized, cross-over design, participants received either: 1) 
placebo+placebo (Pla) condition: placebo (179 mg Mannitol and 1 mg Aerosil po) after 
pretreatment with placebo (179 mg Mannitol and 1 mg Aerosil po);, 2) placebo + LSD (LSD) 
condition: LSD (100 µg po) after pretreatment with placebo (179 mg Mannitol and 1 mg 
Aerosil po); or 3) ketanserin+LSD (Ket+LSD) condition: LSD (100 µg po) after pretreatment 
with the 5-HT2A and α-adreno antagonist ketanserin (40 mg po). For details and assessment 
of subjective effects see Supplemental Experimental Procedures. 
Music Paradigm 
On the screening visit, participants provided six songs that were of particular personal 
relevance to them and indicated the most meaningful 20 s of each song. Personally 
meaningless and neutral music experts were matched to these songs (see Supplemental 
Experimental Procedures). For MR Data acquisition and Preprocessing and Statistical 
Analysis see Supplemental Experimental Procedures.  
  
15 
 
Author contributions 
K.H.P., M.H., M.E.L., and F.X.F. designed the research. K.H.P., T.P., A.P., R.K., and P.S. 
carried out the experiment. K.H.P. and A.P. analyzed the data. K.H.P., M.H., E.S., and F.X.V. 
wrote the manuscript. All authors approved the manuscript.  
 
Acknowledgements 
This study was financially supported by grants from the Heffter Research Institute (1-190413), 
the Swiss Neuromatrix Foundation (2015-0103), the Usona Institute (2015-2056), and the 
Swiss National Science Foundation (SNSF, P2ZHP1_161626). All authors declare no conflict 
of interest.  
  
16 
 
References 
1. Northoff, G., and Hayes, D.J. (2011). Is our self nothing but reward? Biol Psychiatry 69, 1019-
1025. 
2. Moeller, S.J., and Goldstein, R.Z. (2014). Impaired self-awareness in human addiction: 
deficient attribution of personal relevance. Trends Cogn Sci 18, 635-641. 
3. Reininghaus, U., Kempton, M.J., Valmaggia, L., Craig, T.K., Garety, P., Onyejiaka, A., Gayer-
Anderson, C., So, S.H., Hubbard, K., Beards, S., et al. (2016). Stress Sensitivity, Aberrant 
Salience, and Threat Anticipation in Early Psychosis: An Experience Sampling Study. Schizophr 
Bull. 
4. Dittrich, A., Lamparter, D., and Maurer, M. (2006). 5D-ABZ: Fragebogen zur Erfassung 
Aussergewöhnlicher Bewusstseinszustände. Eine kurze Einführung. [5D-ASC: Questionnaire 
for the Assessment of Altered States of Consciousness. A Short Introduction]. PSIN Plus 
Publications. 
5. Watson, D., Clark, L.A., and Tellegen, A. (1988). Development and validation of brief 
measures of positive and negative affect: the PANAS scales. J Pers Soc Psychol 54, 1063-1070. 
6. Schmid, Y., Enzler, F., Gasser, P., Grouzmann, E., Preller, K.H., Vollenweider, F.X., Brenneisen, 
R., Muller, F., Borgwardt, S., and Liechti, M.E. (2015). Acute Effects of Lysergic Acid 
Diethylamide in Healthy Subjects. Biol Psychiatry 78, 544-553. 
7. Enzi, B., de Greck, M., Prosch, U., Tempelmann, C., and Northoff, G. (2009). Is our self nothing 
but reward? Neuronal overlap and distinction between reward and personal relevance and 
its relation to human personality. PLoS One 4, e8429. 
8. Northoff, G., and Bermpohl, F. (2004). Cortical midline structures and the self. Trends Cogn 
Sci 8, 102-107. 
9. Janata, P. (2009). The neural architecture of music-evoked autobiographical memories. 
Cereb Cortex 19, 2579-2594. 
10. Marona-Lewicka, D., Kurrasch-Orbaugh, D.M., Selken, J.R., Cumbay, M.G., Lisnicchia, J.G., 
and Nichols, D.E. (2002). Re-evaluation of lisuride pharmacology: 5-hydroxytryptamine1A 
receptor-mediated behavioral effects overlap its other properties in rats. 
Psychopharmacology (Berl) 164, 93-107. 
11. Passie, T., Halpern, J.H., Stichtenoth, D.O., Emrich, H.M., and Hintzen, A. (2008). The 
pharmacology of lysergic acid diethylamide: a review. CNS Neurosci Ther 14, 295-314. 
12. Nichols, D.E. (2004). Hallucinogens. Pharmacol Ther 101, 131-181. 
13. De Gregorio, D., Posa, L., Ochoa-Sanchez, R., McLaughlin, R., Maione, S., Comai, S., and 
Gobbi, G. (2016). The hallucinogen d-lysergic diethylamide (LSD) decreases dopamine firing 
activity through 5-HT1A, D2 and TAAR1 receptors. Pharmacol Res 113, 81-91. 
14. Halberstadt, A.L., and Geyer, M.A. (2010). LSD but not lisuride disrupts prepulse inhibition in 
rats by activating the 5-HT(2A) receptor. Psychopharmacology (Berl) 208, 179-189. 
15. Gonzalez-Maeso, J., Weisstaub, N.V., Zhou, M., Chan, P., Ivic, L., Ang, R., Lira, A., Bradley-
Moore, M., Ge, Y., Zhou, Q., et al. (2007). Hallucinogens recruit specific cortical 5-HT(2A) 
receptor-mediated signaling pathways to affect behavior. Neuron 53, 439-452. 
16. Kometer, M., Schmidt, A., Jancke, L., and Vollenweider, F.X. (2013). Activation of serotonin 
2A receptors underlies the psilocybin-induced effects on alpha oscillations, N170 visual-
evoked potentials, and visual hallucinations. J Neurosci 33, 10544-10551. 
17. Valle, M., Maqueda, A.E., Rabella, M., Rodriguez-Pujadas, A., Antonijoan, R.M., Romero, S., 
Alonso, J.F., Mananas, M.A., Barker, S., Msc, P.F., et al. (2016). Inhibition of alpha oscillations 
through serotonin-2A receptor activation underlies the visual effects of ayahuasca in 
humans. Eur Neuropsychopharmacol. 
18. Giacomelli, S., Palmery, M., Romanelli, L., Cheng, C.Y., and Silvestrini, B. (1998). Lysergic acid 
diethylamide (LSD) is a partial agonist of D2 dopaminergic receptors and it potentiates 
dopamine-mediated prolactin secretion in lactotrophs in vitro. Life Sci 63, 215-222. 
17 
 
19. Marona-Lewicka, D., Thisted, R.A., and Nichols, D.E. (2005). Distinct temporal phases in the 
behavioral pharmacology of LSD: dopamine D2 receptor-mediated effects in the rat and 
implications for psychosis. Psychopharmacology (Berl) 180, 427-435. 
20. Benneyworth, M.A., Smith, R.L., Barrett, R.J., and Sanders-Bush, E. (2005). Complex 
discriminative stimulus properties of (+)lysergic acid diethylamide (LSD) in C57Bl/6J mice. 
Psychopharmacology (Berl) 179, 854-862. 
21. Halberstadt, A.L. (2015). Recent advances in the neuropsychopharmacology of serotonergic 
hallucinogens. Behav Brain Res 277, 99-120. 
22. Celada, P., Puig, M., Amargos-Bosch, M., Adell, A., and Artigas, F. (2004). The therapeutic role 
of 5-HT1A and 5-HT2A receptors in depression. J Psychiatry Neurosci 29, 252-265. 
23. Krebs-Thomson, K., and Geyer, M.A. (1998). Evidence for a functional interaction between 5-
HT1A and 5-HT2 receptors in rats. Psychopharmacology (Berl) 140, 69-74. 
24. Amargos-Bosch, M., Bortolozzi, A., Puig, M.V., Serrats, J., Adell, A., Celada, P., Toth, M., 
Mengod, G., and Artigas, F. (2004). Co-expression and in vivo interaction of serotonin1A and 
serotonin2A receptors in pyramidal neurons of prefrontal cortex. Cereb Cortex 14, 281-299. 
25. Araneda, R., and Andrade, R. (1991). 5-Hydroxytryptamine2 and 5-hydroxytryptamine 1A 
receptors mediate opposing responses on membrane excitability in rat association cortex. 
Neuroscience 40, 399-412. 
26. Pokorny, T., Preller, K.H., Kraehenmann, R., and Vollenweider, F.X. (2016). Modulatory effect 
of the 5-HT1A agonist buspirone and the mixed non-hallucinogenic 5-HT1A/2A agonist 
ergotamine on psilocybin-induced psychedelic experience. Eur Neuropsychopharmacol 26, 
756-766. 
27. Strassman, R.J. (1996). Human psychopharmacology of N,N-dimethyltryptamine. Behav 
Brain Res 73, 121-124. 
28. Kaelen, M., Barrett, F.S., Roseman, L., Lorenz, R., Family, N., Bolstridge, M., Curran, H.V., 
Feilding, A., Nutt, D.J., and Carhart-Harris, R.L. (2015). LSD enhances the emotional response 
to music. Psychopharmacology (Berl) 232, 3607-3614. 
29. Kaelen, M., Roseman, L., Kahan, J., Santos-Ribeiro, A., Orban, C., Lorenz, R., Barrett, F.S., 
Bolstridge, M., Williams, T., Williams, L., et al. (2016). LSD modulates music-induced imagery 
via changes in parahippocampal connectivity. Eur Neuropsychopharmacol 26, 1099-1109. 
30. Heinz, A., and Schlagenhauf, F. (2010). Dopaminergic dysfunction in schizophrenia: salience 
attribution revisited. Schizophr Bull 36, 472-485. 
31. Preller, K.H., Herdener, M., Schilbach, L., Stampfli, P., Hulka, L.M., Vonmoos, M., Ingold, N., 
Vogeley, K., Tobler, P.N., Seifritz, E., et al. (2014). Functional changes of the reward system 
underlie blunted response to social gaze in cocaine users. Proc Natl Acad Sci U S A 111, 2842-
2847. 
32. Blood, A.J., and Zatorre, R.J. (2001). Intensely pleasurable responses to music correlate with 
activity in brain regions implicated in reward and emotion. Proc Natl Acad Sci U S A 98, 11818-
11823. 
33. Bartra, O., McGuire, J.T., and Kable, J.W. (2013). The valuation system: a coordinate-based 
meta-analysis of BOLD fMRI experiments examining neural correlates of subjective value. 
Neuroimage 76, 412-427. 
34. Etkin, A., Egner, T., and Kalisch, R. (2011). Emotional processing in anterior cingulate and 
medial prefrontal cortex. Trends Cogn Sci 15, 85-93. 
35. Schneider, F., Bermpohl, F., Heinzel, A., Rotte, M., Walter, M., Tempelmann, C., Wiebking, C., 
Dobrowolny, H., Heinze, H.J., and Northoff, G. (2008). The resting brain and our self: self-
relatedness modulates resting state neural activity in cortical midline structures. 
Neuroscience 157, 120-131. 
36. Northoff, G., Heinzel, A., de Greck, M., Bermpohl, F., Dobrowolny, H., and Panksepp, J. (2006). 
Self-referential processing in our brain--a meta-analysis of imaging studies on the self. 
Neuroimage 31, 440-457. 
18 
 
37. Buchy, L., Hawco, C., Joober, R., Malla, A., and Lepage, M. (2015). Cognitive insight in first-
episode schizophrenia: further evidence for a role of the ventrolateral prefrontal cortex. 
Schizophr Res 166, 65-68. 
38. Saulin, A., Savli, M., and Lanzenberger, R. (2012). Serotonin and molecular neuroimaging in 
humans using PET. Amino Acids 42, 2039-2057. 
39. Maddock, R.J., Garrett, A.S., and Buonocore, M.H. (2001). Remembering familiar people: the 
posterior cingulate cortex and autobiographical memory retrieval. Neuroscience 104, 667-
676. 
40. Johnson, M.K., Raye, C.L., Mitchell, K.J., Touryan, S.R., Greene, E.J., and Nolen-Hoeksema, S. 
(2006). Dissociating medial frontal and posterior cingulate activity during self-reflection. Soc 
Cogn Affect Neurosci 1, 56-64. 
41. Watanabe, K., Kakeda, S., Yoshimura, R., Ide, S., Hayashi, K., Katsuki, A., Umene-Nakano, W., 
Watanabe, R., Abe, O., and Korogi, Y. (2015). Genetic Variation in the Catechol-O-Methyl 
Transferase Val108/158Met Is Linked to the Caudate and Posterior Cingulate Cortex Volume 
in Healthy Subjects: Voxel-Based Morphometry Analysis of Brain Magnetic Resonance 
Imaging. PLoS One 10, e0142862. 
42. Kapur, S. (2003). Psychosis as a state of aberrant salience: a framework linking biology, 
phenomenology, and pharmacology in schizophrenia. Am J Psychiatry 160, 13-23. 
43. Davis, K.L., Panksepp, J., and Normansell, L. (2003). The affective neuroscience personality 
scales: normative data and implications. Neuro-Psychoanalysis, 57-69. 
 
  
19 
 
Figure Legends 
Figure 1. Subjective drug effects. See also Figure S1. Retrospectively assessed 5D-ASC 
scores in the Placebo (Pla), Ketanserin+LSD (Ket+LSD), and LSD treatment conditions. 
Scores are expressed as a percent of the scale maximum (n = 22 participants). Scores in the 
LSD treatment condition differed significantly from Placebo and Ketanserin+LSD treatment 
conditions on each scale except for spiritual experience and anxiety (p < 0.05, Bonferroni 
corrected). 
Figure 2. Meaningfulness ratings for personally meaningful, neutral, and personally 
meaningless songs in the Placebo (Pla), Ketanserin+LSD (Ket+LSD), and LSD treatment 
conditions. Meaningfulness ratings for the meaningless and neutral songs were greater in the 
LSD treatment condition than in the Pla and Ket+LSD treatment conditions. Data are 
expressed as mean ± standard error of the mean. Asterisks indicate significant differences 
between LSD and Pla treatment conditions and LSD and Ket+LSD treatment conditions (*p 
< 0.05, n = 22). 
Figure 3. fMRI data in the LSD > Placebo comparison. See also Figure S2, Figure S3 
and Table S2 A) “meaningless > meaningful” contrast at peak SMA voxel (x = -15, y = -16, 
z = 63); B) “meaningless > neutral” contrast at peak dmPFC voxel (x = 2, y = 34, z = 38). 
Data displayed at p < 0.001 (uncorrected), n = 22. 
Figure 4. fMRI data in the LSD > Ketanserin+LSD comparison. See also Table S2. A) 
“meaningless > meaningful” contrast at peak dACC voxel (x = -7, y = 23, z = 30); B) 
“meaningless > neutral” contrast at peak dACC voxel (x = -1, y = -27, z = 24). Data displayed 
at p < 0.001 (uncorrected), n = 22. 
 
